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ABSTRACT

A two-dimensional numerical ,model of ur?derground
oil shale ret.orttllg, wblch fully couples retorting
chemistry with fluid and heot flow, +as bef?n developed.
The modei solVeS the time-dependent, two-dimer,sional
mass, momentum, and energy balance ??quations for a
nine-component fluld i~z, Np , HZ, co?, co,
CHis, CH , H20, and oil), Water and o?I can flow
in the ~lquid anct/or vapor phases, letort chemistry
includes kerogen pyrolysis, carbonate decomposition,
char reactiofi$, and combustion, Also, detallcd model-
ing ~]f heat flow and chemistry in$!cle shale particles
allows large rubble sizes as weli as small sizes to be
considered,

The model is compared to cne-.cilmcnsional experi-
mental uata obttined from Lawrr?nce Livermore National
l.~boratory, The model can be used to examine the
eftect of ttm-dimt?ns{ol
rubhlr SIZC, perrneabil
gas cwnposll {cm, I!tc,
process optimization.
$entcd,
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The resulting
out oil and
rubble. Oi 1
example, how

rubble is then burned in place to drive
various gas products from the shale
yield depends on many factors, for
uniformly the shale is rubbled, what

igniticil strategy is uied, etc.
Field and laboratory experiments are needed t.o

define the dependence of oil yield on various para-
meters. However, field experiments are quite expen-
sive. Experimentally validated mathematical rmdels of
the retorting prccess can be helpful by allowir,g
various parameters to be manipulated in the computer
.3tmuch lesS expense. Models also provide a framework
for analy.?i~g experimental results and can provide
guidance in the design of experiments and process
optimization,

Severdl models of oil shale retorting have been
published in the last decade. The most detailed and
documented is Braun’s model (l). Almost all of the
models available are one-dl%ensional . The two-
dimensional work available either treats only a
specialized geometry with one-dimensional flow (2) or
does not contain a full chemistry model coupled w~th a
complete description of the flow (3). They cannot
properly handle the non-unlformitie~ that will in-
evitably arise,

Non-uniformities in in situ retorts can be of
several types:

.—
t;lose due lo s$atial variations in

shale grad:; those due to variations in rubble size,
porosity, etc., brought about by blasting; and those
due to asynnetric injection/collection, These non-
unifcrmities will frequently he multi-dimensional and
extensive (4). The evaluation of the sensitivity of a
retorting p~ocess to various non-uniformities requires
a mult{-dimensional retorting model, Because of these
cons{deratlons, we have constructed a transient,
tw~-dimensional frodel of oil Shdle retorting that
fully couples flu?d dynamics to rrtort chcm{stry,

A fully coupled, two-dimensional MIS (modified
in situ) oil shale retorting model will CI1OW us to
~a~ the influence of spatiai variations ir shale
i’ubble permeability, porosity, gr?de, and rubble size
on retorting efficiency, The effects of retort geo-
metry, air injection, and ignitton strategies can also
be considered, For example, thp nmdel could possil>ly
bp used to find an air lnjoction/inflow composition
strategy that would minimize the &dverse effects of
poorly rubhl+vi rf?qicns, Gravitational effects, which
(Ire especial iy imp[\rtant in horizontal retorting since
hot inj~ction gases ml combustion products will tend
to rise to and flow alonq the top of a horizontal
shale lh,yer, ore Includpd, Condensation of steam and
part lculflrly of 011 vapor may also he on important
proce~s, P ‘ercnce (5) argues for th,! tlmellnt!ss of
pursuinq lhl. ta$k, -

Our apprmsch to thl$ modclin!l effort consists of
lfikinq a fairly dct,ailcd porou$ flow modr!i call~d WAFE
(6), th~ first vrrslon of which was wrlttt?n in ]977,
ihd addinq to It the nil shale chpmlstrv that. has bntw
workt(; out t]t tho Lawrencp l,ivormr~ National Labora-
t,nrl (ILNL) (7), TIIQ expanded vwtion of UAFE (s
caliod WAf[,-0$” (0), ttl? detd!l$ of which we now

etc. , and initial conditions can vary spatially.
Horizontal and vertical anisotropy is also allowed.
Boundary conditions and mass and energy sources and
sinks can be constant or time-dependent. Sources/
sinks can be specified in any number of computational
zones. The inclusion of grav!ty allows us to examine
buoyancy-dominated flows. The coje employs * highly
implicit, integrated finite difference numerical
scheme.

WAFE-OS solves the conservation equations of
mass, momentum and energy for flow in porous media.
Currently, WAFE-OS carries two condensable components
(H20, oil) and seven nor,~4;ensab~;e gases (02,
N2 , H2 , C02, CO, CHX, . mass con-
servation ectuation for a noncondensablc is

+
Cat(fpg)+v”o V -ci

999
(1)

and, for a condensable component,

The momenta equations are Carrieci in a reduced
form known as the Forchh~imer equation (~)

This relatton takes into accouf,t inertial effects
but not acceleration, It can also be written as an
expansion in Reyno?d’s nunbe~, Re,

(l+&Re{ ) ;i - ;Oi , (4)

where ~ ~ is the Darcy equation velocity for phase
i, YAt ow Reynold’s numbers (~ 10), this reduces to
Darcy’s law,

The WAFE-OS model carries an enerq,y equation for
the fluid ~nd a separate or,e for the matrix, I’or the
fluid, the change in fnterndl enerqy depends on the
smerqy csnvected i,?the liquid ~nrt gaseous phases, on
energy soIIrres/ s!nks, on the work done on and by the
fluid as it t’lows, on the exchanqe of merqy between
the fluid and the rock, and finally on thermal rilffu-
sion in the fluid. The flllld rnerq,y ~quatton is

‘(f’+’Q-’J!‘v ‘(’q~qv + ‘Pi)“ t ‘f - “i’ ‘ J,r —--

98.



surface area are truly represented by proper choice of
Ri and Wi. R i vary from zone to zone.

~ ‘%r each zony~;inr;~ejfl;~:~[eT~e energy equat on
particl , includes heat diffus
heat 01 reaction from chemical ctions inside th~
particle, and a source term Q, ich is the energy
conducted from one zone to the ne At the surface
of each particle, heat exchange witl the fluid occurs.
The rock energy conservation is stat d in the follow-
ing equations:

la
Vp-pw (

r2 ,p%)+{Hq’%cq

+ ~(r - Rp) 4W R~Q ,

Q.+- -([ IV’(l-C)APVTS dn,
4W~N.R

Ilpi all particles
in Q

Ap~-B(Tf- Tsi) atr-RPi ,

atcq=iojKqj(Tp)cj tjq

(7)

(8)

(9)

(lo)

The qas products generated inside particles along with
the associated energies are deposited in the fluid in
the porosity via the mass and energy source/sink terms
In equations (l), (2), and (5).

Several constitutlve relations are needed to
complete the model. Effective permeability for each
phase depends on s~turation, pressure, and location,
Fluld viscosities are functions of temperature! and,
for the gas phase, of mole fractions. Tables are US(4
fol much of the condensable component equa’ ion ot
state; noncondensables are t~eated as perfect gases,
Finally, the sum of all saturations must equal one,
These relations are sunsnarized in the followinq
e~pressions:

k, -ki (oi,Pi, ~) , (11)

Iii- Ut (Tf, nil, ni2, ni3, .... n {j) ‘ (12)

1 = l(Tf, o?,, Ov, [Jql, ~1q7, 01.o Pqj) t (13)

Pg - } o &Tf, Pv - pv(Tf, Ov, O) ,
,IJ.I

(14)

f+(!(),, +ul,o-l ,
i?

(15)

m
,.o-b
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Fig. 1. Typical computational mesh (a), zone (b), and
particle (c),

Derivation of the equations of flow, Eqs. fl)-
(5), fOr a permeable medium and a discussion Of
underlying assumptions can be found in Ref. (~).

-he kerogen decomposition model is similar to
that described in Ref. (7) and is summarized here.
Oil and C? and C3 com’p%unds are released in one
step. CH4 and H2, however, are released in
several steps, each corresponding to a temperature
range,

The basic stoichiofnetry for ‘western oil
kerogen pyrolysis is:

Primary kerogen pyrolysis (T < 500*C)

Kerogen -> ,725 oil + ,205 charl + ,018 C02

+ .011 H? + ,008 CH4 + ,014 CHX + .017 HpO

S~cond~char pyro~ysis (500< T < 650*C)

Charl -+ ,952 char2 + ,047 fH4 + .068 142

Adli\tional char p~rol~s (650 < T < 900”C).—-——.— . —. .

Char7 -> cllor3 + .13 HP

3,/ x lo~ J/kg kcrou~ln ,?re al,snrhort,

The t,empwht.urc dorw?ndtvlro of ‘hr rnto

shale

(16’/

(17)

(Ifl)

l’r)ln
stant5° has been modlflerl from that qlvpr! IV Rrf. (?)
t.o al low U$ to f It kernurn Dvrol v$i~ dat n wlthn’(lt



Charl

I

K21 char2, H2
-.+

K22 CH4
--+

fiar2 K3 char3, H2
--+

whert? the rate coefficients Ki are given by

Kll =
K~2 =
Kl~ =
K21 ~
K22 =
K3 =

/T) ~-l
/T) s-1
T) ~-l
~-1

(20)

(21)

(22)
(23)
(24)
(25)
(26)
(27)

The oil released in primary kerogen pyrolysis
can exist as liquid and vapor in a certain temperature
range, In WAFE-OS, the partitioning of oil between
the liq~id and vapor states is accomplished in the
follcwing manner,

cil (vapor) - x . oil
(28)

oil (liquid) - (1 - x) , oil

where

I

0.38 ,for T<4gOK

x- 9.38+ (T - 490) i 0.0021908 ,
for 490 < T c 773 K (29)

(1. , forT > 773 K.

Oil vapor is ‘emoved from a particle shell. Liquid
oil remairs behind. If, however, the heating rate in
a oarticle shell is sufficiently large, rmre liquid
oil will be varsorized. The tot~l oil produced (and
deposited into the gas stream) durlllg a time step in a
particle shell is given by

oil (produced) ~ oil (vaoor) + oil (liquid)

x min [1, max (O, 0.12 x ATp/At)] , (30)

wnere Ar /At is the rate at which the shPll tempera-

ture is ftranginq,

(;arhondtes
~o–carbonate~ arc allowed, calciti? and dolomite,
Thr colc!te and dolomit.c decomposition: arc tho<c
(iI?Sr-ihe{iin R~f, (~), rrmncly,

‘~CaC03+ 2 SiO
?

-_& 7 cdsi04 + Cail + $ C~7 (3!;

MgC03 --> Mqo + CO? . (37)

!rr the fir!,t. reaction, 1, kg of
(),44 kq of C07 arid rcquiri% 7,9 x 10

$aC;~kqyf;;;~

!n th P $?C(Y1(I rofict{on, 1, kg of MgCO
(),!)7/kg or

ylollis
(X)7 hnd ohsorhs J K 106 l~kq CC7,

Th~ r,~te coefficients for \hr!.p rract ions arr

k] . 9,fi x lol~ P
[
-360!)()/ r) $ I, (,i3)

k;,- 1,/ x 1010, , ?90’10/T) ,.1, (M)

III the Codn , 140 porrtwt Icmpo$ Itl(v)of ofi(,tlr,arhnnalo
(’!11) lr’y~,phtlally,

Combustion
The true details of tbe

reactions are not known exa-tlY.
provides a reasonable match with

Reactions:

0.495 kg oil + 1. kg C2 --+

gas stream combustion
The following scheme

observitfons.

0.507 kgH20 + 0.988 kg CC (35)

2H2+02 --+ 2 H20 (36)

0.414 kg CHX : 1. kg 02 -->

(J.608 kgH20+ 0.806 kgCO (37)

2CH4 +302 --+ 4 H20 + ? CO (38)

2CO+02 --> 2 cop (39)

The ignition temperature for these reactions is
taken as 400”C. Above 400 C, qases are burned in the
following order: oil, H2, CHX, CH4, and CO.
Combustion proceeds as far as the 02 levels permit.
These reactions are highly exothermic. The heats of
reaction for the above reactions are:

H1 m 0,988 X 107 J/kg 02
H2 _ 1.51 X 107 J/kg 02
H3 - 1.08 X 107 J/kg 02 (40)
H4 = 1.08 X 107 J/kg 02
H5 - 1,77 X 107 J/kg02

Char
— The char/O reaction can b? an important source

iof heaticg for t e retort process. The representative
reaction is

C+02 --* cop (41)

The heat of reaction is 3,26 x 1(?7 J/kg char
and is deposited in the particle shell zone containing
the char burn front. We assume t’lat char produced
during kerogen pyrolysls is burned at a $harp inter-
face as oxygen diffuses into the (assumed) spherical
shale particles. This is the shrinking core model and
agrees well with experimental data, The rate at which
this sharp burn front moves inward is qiven by

dRc [O*I Rc 3

()[ I

-1

a ‘- -o’s~~m $- &+~
(42)

where

and

k6

[)r

.
m

.

.

.

.

.

.

~~:a~treamox,ygen density (kg/rn3)
char density in particle shell

(kg/m-)
char fiurn-front, radius (m)
~pecific surface areo (~ 1000 m~/#)
effectiv~ o, diffuSiVit.Y in shalp (mpls)

initial kt?r~qpn density (kq/m3)

6.$3 X lo~ .? e-27140/T m/s (43)

1,04 x 10’-15 (pi )2 T1”65 rep/5 , (44)



The reaction can only proceed when O and char
are present. zIn addition, Rc is not a lowed to
change until the kerogen has been almost completely
pyrolyzed (99% or more).

If char pyrolysis is not complete but the char
132 reaction can occur, char pyrolysis is driven to
completion in the particle shell volume swept out by
R during a time step.
\

This is also done for the
o her char reactions (char - c02 and char - H20).

The char/C02 reaction is

c + C02 —*2C0 . (45)

Only the forward reaction is considered. This reaction
requires high temperature (> 600 C) not ~nly because
of its own kinetics but also because it requires C02
that generally will be present only tien carbonate
decomposition is occurring, which requires elevated
temperatures, This reaction is endothermic,’ absorbing
3.92 x 106 J/kg co consumed.

$Sequerrcing o this reaction with other reactions
is done in the following way. In each particle shell,
the char/C02 reaction is not computed until kerogen
decomposition is complete, If kercgen decomposition
is complete, then carbonate decomposition is checked.
If carbonate ciecrxnpositlon is occurring, the char/
C02 reaction is calculated as follows.

The rate of C02 depletion, R2 (kg/rn3
o s), is GOmputed from

kc CIc
R2 -

(

2 R2
Fl+

)
(46)

kl(R1 -R2)/ “

R2 is giver by

-B+JB~+4c

‘2”———7——— ‘
(47)

where

(F RI + kc Pc)kl kc Pc kl RI

‘--m=p-- ‘ C--m=-ql- ‘
(48)

kc e 5,7 x 104 exp (-20130/T) (s-l),
kl . 4,15 x 103 exp (-11420/T) (s-1),
F = 0.2727 kgchar/kgC02 (kg/kg), (4’3)
Pc - local char concentration (kgm3),
RI = rate of C02 generation (kg/ J ~~s).

For kl < 2, the sollltion for it? has two real roots,
one positive and one negative; the positive root is

takf!n, For k~ T 2 (temperature T >1495 K), the
solution has no positive roots, In this case, we set
R-O,
?

At these ti?mperatur?s, c~rbonate oecomposi-
t on will be complete so COP will not he present
dnywdy. The char/C07 reaction stould he important
for tcmperatur~s betwni?n about 850 K and 1200 K,

Aftf!r fi
f

i% known, ad.ills!.mcnt$ in (’: and
R1 are requirec, namely,

R = 56/44 R2 (kg/m3 “ s) . (52)

C7ar - H20

C + H20 --~ CO + H2 (53)

The char-steam reaction is controlled by three
processes:
particle’s
title, and

Mass
particle’s

Ovp = 3 KD

where

transfer of steam from the bulk flow to a
surface, diffusion of steam into the par-
the rcte of reaction of steam with char.
transfer from the bulk flow through a

surface is calculated from

DvRP(l + ~1+<()), (54)

KO -C).5 v, (55)

In equation (55), V is the magnitude of gas velocity.
Oiffusion rate of HPO vapor into shale is

computed from

0e’H20
- 7+4 x 10-16 (0~)2 T1-73 (m2/r) , (56)

where P ‘
~he ‘~ran~$~~i~ate,ke~~~~~ a~~~~~~~ to some

(kg/m3
shale),
degree for COunterflOw Of gas from a particl~ and
includes particle s’ze effect, is

[(~)1’3 -1)-1 (kg H20/m3 ~ s) , (57)

where char is the local char density and char” is the
maximum char density that can he produced in the local
particle shell. If char ■ cha!”, we set R7h to
1030, If char ■ 0, we set R7b to O.

The reaction pate between cnar and steam is
determined from

‘7a
- 1.5 @ “ char ‘ 3,14 x 103

Xe
(-z?140/T) (kq H20/m3 ‘ S) ,

(58)

where P“ is the partial pressure of HP(I vapor
in the bui~ gas stream,

The total reaction rate is then

‘7a ‘7b
R7 ‘~a~ (kgH20/m3 “ s)

an(i the amclunt of H20 !eacte(ldurinq 8 time step At
Is

(60)

5



The H20 consumed is subtracted from the total H O
?while the H2 and CO produced are added to the bu k

gas stream. The amount of char consumed is subtracted
from the total char in the particle shell. Energy
absorbed by this reaction is 7.29 x 106 J/kg o
H20 consumed.

Water-Gas Shift

CO + H20~ C02 + H2
K2

This reaction can change the composition of the
product gas. The reaction can occur in either direc-
tion depending on the local gas stream temperature and
tne relative concentration of the reactants,

The rate of reaction of H21J is given by

A H20 = -At “ Ki “ ([CO] “ [H20] - K2

“ [C02]‘ [H2]) (moles), (62)

where

11

co] - molar concentration of CO in gas stream,
- molar concentration of H O in g~s stream,

!6° 6- molar concentration of C 2 in gas stream,

[H25 . molar concentration of H2 in gas stream,

and

K1 = 375. X -
Kp=58.82et14i~~l)!s-’) ‘

(63)
(64)

Heat of reaction is 2,29 x 106 J/kg . AH20.
As in all reactions in WAFE-OS, we check to

ins~re that reactions do not consume more substrate
than 1s available, This prevents one source of non-
conservation of mass and energy.

!x!!!2
An additional decomposition can occur in the oil

that remains instde sh~le particles during pyrolysis,
This process is called coking. The coking reaction is
approximated by

1 kg oil --> .0604 kgH2 + ,0431 kg H20
Kc

+ ,1927 kg CH4 + ,7038 kg char (65)

where Kc _ 3,1 x 11)7 x P(-17681/T) s-l. (66)

The extent of coking depends on the heating rate
history of the shale at any point,, since thot control<
the fraction of oil that remains if, the shale during
and after kerogen pyrolysis.

Model Check-Out
The lu~d flow portion of the mod~l has been

compared with two-phase analytic similarity solutions
for a number of boundary and initial conditions with
excellent a reement,
par,son witl one simlFi~xay~/;;iL!~ ”2i;hfl~~fl;
I)w!l check~d a ainst several sets of expi?rimental data,

?In one exper rnont, super-heated steam was injected
into t vertical cnlumn of cold, initially dry stnd,
T@nl~wat,~lr~~ and prpss(’re wore recorded at varfous
dept.hs in the column. The calculations aqrt?o w?ll
with the data, 1P anothor experiment, hot N? was

injected into cylindrical samples of partially satu-
rated, crushed tuff. Inflow rates, injection pressure
and temperature, ~na temperatures at pOints within the
sample were recorded. The model calculations showed
good agreement with the data. Details of these and
other comparisons will be available in a separate
report.

Me have made a number of check-out calculations
to insure that the new features (temperature structure
inside particles and oil shale chemistry) are working
properly. Figure 3 compares numerical and analytic
solutions for diffusion of heat into spherical
particles at several times. Time has been non-
dimensionalized by multiplying by K/R~, where K
is the thermal diffusivity. Temperature and radius
have been normalized. The three solutions shown
correspo,ld to earlv. intermediate, and late times.
In each case, surface temperature was held fixed. In
one numerical calculation, five internal shells of
equal volume were used (the +’s); in a second calcula-
tion, five internal shells of equal thickness (the X’s)
were used; and the final calculation used a single
internal shell (the circles on the ordinate axis).

SOURCE: 2f3AR,7000c PURESTEAM
1.0

0.s.

O.b

0.7.

p,T0.0.

0.s’ o

04. -0.04

0.3.

0.2.

0.%

o 0!01 0.02 0.03 0,04 0,0s
0-++ ● CALCU~T10NSAT400S,

o A CALCUUTIONSAT600S,

Fig. 2. Similarity solution for O%initlai saturation.

CW4L vWM ma% I.WM lMICKJO1 zot4s 81NLLLza8
+

AN4LV11C

o 0,2 0,4 046 08 1

r/Rp

Fig, 3. Tcmperatul’c tn n sph~re, anal,ytic vs calcu-
lated, ,+t. di,,,,nslonlejs times (ut/R~) -
.02, .10, and .’().
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It appears that fivz shells of equal thickness provides
good accuracy. IrI other calculations, initial pore
fluid temperature and rock temperature were set to
different values. In all cases, the rock and fluid
temperatures reached a comnon equilibrium temperature
equal to that required by ener~ conservation.

Another series of calculations exercised the
kerogen pyrolysis and carbonate decomposition sections
of WAFE-OS. In this study, the inert fluid bathing
the shale particles was heated at a constant rate.
The rates of production of kerogen products (methane,
hydrogen, oil, steam, C07, and CHX, which repre-
sents several C2 and C3 -products) were monitored.
Figures 4 and 5 show the production rates (VS fluid
temperature) of ~il and H

?’ “
respectively, for two

heating rateS--l2 C/hr dnd 20C/hr. Particle raditis
for these calculations was 0.1 cm. Material proper-
ties used are given in Table ;.

Figures 6 and 7 plot production rates for oil
and H2 vs fluid temperature when the bathing fluid
is heated at 120 “C/hr. Here, the effect of particle
radius is snown. As particle radius increases, pro-
duction is shifted to higher fluid t~peratures, and
the curves have changed qualitatively. This change
reflects che delay in conduction of heat into larger
particles. No combustion was allowed for this test.

20.0

u 1,

OIL __ 12”c/E
120”c/1

15,0

10,0

50

I
0.0

200300 400 500 600 700 800 900

TEMPERATURE ‘C

Fig, 4. Oil production rates from kerogen for dif-
ferent heating rates.

200300 400 500 600 700 800 900

TEMPERATuRE ‘C

Ftq, q. HZ product,lon rates from fero~en for dlf-
ferc~t hmtlng rates.

Table I. Material Properties

Grade 0.1 L/kg 14.6% wt kerogen)
Density $2.25 X 10 kg/m3
Thermal conductivity 1 J)m.s
Specific heat 1.2 kJ/kg.s

Heat transfer coefficient
Dolomite

8 J/1#.s
30% Wt

Calcite 17% Wt

The effect of particle size on consumption of
char in an oxygenated atmosphere is shown in Fig, 6.
tls expected, larger particles take longer to burn.
Oxygen has difficulty diffusing deep into large
particles. The rate at which the sharp burn front
moves into a particle slows down as the burn radius
diminishes. Further details and additional figures of
these checkout runs can be found in Ref. (~).

COMPARISON WITH EXPERIMENT

The preceding exercises indicate that the vari-
ous parts of the WAFE-OS model are functioning properly
and generate reasonable results. Testing of the entire
model at one time can be done in several ways. (Since

Fig. 6,

Fiq, 1.

RP = 1 CM

3.0- R@ = 5 CM

R, = 10 CM

2.0-

1,o-

\

0.0 I
200300 $00 500 600 700 800 9

TEMPERATURE ‘C

Oil production rate dependence on @article
radius at constant heating rate of 120 C/h,

‘0”01—————— 1

80

6.0

4,0

2.0

00
200 300 400 500 LOO 700 800 9013

TEMPERATURE “c

117 production ratp depnnden~e nrl part{~lc
radl(jc at constant hcatlnq rate of 170 C/Il.
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NORMALIZED CHAR RAOIUS IN 800% AIR

1.0

0.8-

0.6-
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0.2-

Rp=.lc

0.0 r I 1
0 10800 21600 32400 43200

TIME (SEC)

Fig. 8. Effect of Particle size on consumption of
char in an oxygenated atmmphere.

no analytic solutions to a retorting process are

known, this avenue is not available. ) Benchmarking
that is, comparison to other code calculations, is
possible. Cmnparison of WAFE-OS to results generated
by the LLNL one-dimensional model would be a good
benchmarking trst, Such a comparison is planned in
the near future.

The most important tests of WAFE-OS (or of any
m( ?1) are ccnnparisons with actual experimental data.
We are fortunate in that a great deal of experimental
shale retorting data is available. Many documented
one-dimensional retorting experiments have been
conducted at LLNL. We have compared WAFE-OS to one of
these, designated as Run S-17 (11). We plan addi-
tional comparisons in the future w~ other runs.

Run S-17 was a combustion run using an air and
nitrogen mixture source. Table II indicates relevant
material and geometric properties of the experiment.
lable III describes the source conditions used,

The calculation compared favorably with the ex-
perim~nt. Figure 9 ccmpares observed centerline tem-
peratl’re histories with calculated values. The curves

Table

Shale charge
Fischer assay
Void fraction
Charge length
particle size

II. Charactert$ttcs Of Run s-17

123.2 kg
0.104 t/kg
47%
1,46 w
- 2.54 + 1.3 cm

Fffective particle size 1.8 cm
Lenath of run 22 h
Min&al carbon 4,57% Wt
Bulk shale d&nsity 2.22 X 103 kg/n#
Heat transfer coefficient

B used in calculation 8 J/#.s
Thermal conductivity of shale 0.48 J/m.s.”C
Spec~fic heat used 1 kJ/kg,”C

Table III, Inf!ow Cumposit’on Used in Ca

1.4 - ?,73 100 0 0.3
?.73 - 3.44 100 0 0,845
3.44 - 23,44 50 50 0.845

culation

EL
1200
1200

31

OBSERVED ‘--8 I

Tim. (hours)

s
Fig. 9. Comparison of calculated with observed ten’-

perature histories for kun S-17. Higher peak
calculated temperatures and lower late-time
calculated temperatures dre believed due tO
effect of wall heater.

are reasonably close. The calculated curves are scme-
what higher than o,,served. In the experiment, heat
loss at the walls of the vessel was not entirply con-
trolled. Temperatures measured in the wall and in the
shale next to the wall were as much as 100”C lower
than centerline. This wall heat loss was not included
in the calculation, A two-dimensional calculation
that includes wall heat loss will be done. Oil yield
w~s measured as 38 volume (although on another p?ge
of Ref. (11) it is given as 92’%). Our code calcula-
tion predfited an oil yield of 91%. This again is
probably influenced by the higher calculated tempera-
tures. Retorting rate is also very close to the
measured value of about 1.73 miday. Figure 10 shows
volume percent of one of the exit qases as a function
of time.

APPLICATIONS

The applications of a fully-coupled, two-dimen-
sional retorting model are numerous. It can be used
to waluate var;ous ignition strategies; look at the
effects of leaks and water infiltration; determine the
impact ~f non-uniformities in porosity, rubble size,
grade, and composition; show the influence of buoyancy
and condensation; and compute the effect of retort
geometry,

Oul effort until very recently has focused on
creating ,1 versatile tool, WAFE-OS. Application of
the model to these varied ccncerns is ~nly now
beginning,

Two-!limensional Exam le
‘~n~~+a sample two-dimensional appli-
cation is described. It demonstrates the capabilities
of WAFE-OS. Figure 11 shows the basic retort geometry
considered in the example. The retort is assumtd to
have a rectan ular cross-section whose width is 15 m
and whose hei$t {s 33 m, the top 3 m of which is a
void spae. Several types of non-uniformities have
been included in the column. On the light side, we

8
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Fig. 10. Calculated and observed C02 content of
exit gas.
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JSn
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1
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Fig. 11. Two-dimensional geometry
calculation.

assume a hiqh permeability channel.

-REGION ‘

Im

–REGIGN 2

used in sample

Near the channel
4, the upper part is a region of high permr?ability,
low porosity, and large rubble size. In the upper
left area is a region of low permeability due to the
presence of small rubble sfze. In the lower part of
the retort, we have included a region of low-grade
snale. The sides of the retort are impermeable. Two
exit ports are included in the floor. Inflow gases
t,:p deposited in the plenum void at the top. (Injec-
tion of in-flw gases at discrete points is allowed in
the WAFE-OS model, h~wever. ) Table IV Indicates the
relevant material prop:lrties used in the calculation
and Tat>le V gives the inflow gas composition and
energy, This example Is rl,~tintended to represent any
particular site. The noi-uniformities chosen are
believed typical of what is found in the field. The
particular values of permeab!lit~, etc., are only
estimate”.

Table IV. Material Properties Used in Calculation

Region

i 11 111 Iv v

Permeability
(Darcys)

Porosity .;:
Average particle

diam (cm) 15
Heat transfer

coefficient 6
(J/m2.s) 8

Rubble density
(kg/#) 2300

Specffic heat
(kJ/kg. ”C) 1

Thermal conductivity
(J/m. ”C. s) 0.5

Kerogen, %wt 15
Dolomite, %wt 21
Calcite, %wt 12

1.0 Darcy=Q.87 x 10~#

250 10 200 50
.30 .35 .10 .25

20 2 30 15

8 8 8 8

2300 2300 23oO 2300

1 1 1 1

0.5 0.5 0.5 0.5
15 15 15 5
21 21 2’1 72
12 12 12 15

Table V, Inflow Composition and Energy

O-24 35,0 65.0 .43 800
24- 1!.6 47,4 40.0 1.7 70

Results
~ulti-dimensional, multi-component reactive flow
models can generate an enormous amount of informa-
tion. Automatic graphic disp!ay of results qreatly
reduces the task of interpreting such calculations,

In the present example, the simple-minded iqni-
tion strategy used did not result in uniform heating
and ignition across the retort. The regions of high-
est permeability (Regions 2 and 4 in Fig. 11) heated
up faster than the other regions and ignition orcurred
there first. Our inflow changed to a cold air-stream
mixture that prevented the shale outside Reqion’, 2 and
4 frum igniting, Eventually, the burniflg ‘fronts may
spre~d into the unignited regions, This calculation
was terminated shortly after Ignition started because
of the poor ignition pattern, The calculation will be
done again with a differerlt inflow strategy, However,
the resu’its from this brief rurl are of some interest,

Figures 12 and 13 show the fluid temperature
contours before and atter ignition, respectively. The
temperature peaks in ~iq, 13 are clearly seep in the
channel and in the large block regions. Liquid satur-
ation contours are shown in Figs, 14 and 15 for pre-
and post-ignition conditions. Liquid is accumulating
in the low-permeability, small-particle region and in
the shale immediately adjacent to the channel. No
liquid is present in the hot shale a.)ove 25 m
(Fig. 15). As the retort heats up, liquid will slowly
move out and vapor will not be able to condense,

In the remaining figures, which comparp molar
concentration contours pre- and post-ignition for
various pyrolysis and carbonate decomposition and
combustion product gases, the effect of non-uniform
properties is very obvious, C02 production is
tilustrated in Figs. 16 and 17. Pre-iqnitioil CO~
product!or~ IS mainly in Regions Z and 4, which are
hottest, [n Fiq. 17, C02 Is rcming mainly flurn
combustion and carbonate decomposition. The left sid~

9



!

CON’IWR VW

xl50Cs: 100 c
c- 1s0 c
B- 200 c
E- 250 c

300 c
5: 350 c
H- 400 c
1- 4s0 c

boot
;: S50 c
L-@OOC

B

30

2s

20

15

10

5

0

T’u----
20 1

1A

15

(n

10

5N

I 1.25 (DAyS).96 (DAYS)

o 5 io 1

X AXIS (M)

o ii io

X AXIS (M)

15

12. Calculated pre-ignition fluid tempe:”ature Fig. 13. Calculated fluid temperature fie!d after

field. ignition.

30

2s

20

15

10

5

0

.

.

.

.

.

.

.

.

.

.

.
“

30

25

20

15

10

5

5j

V2
u

x
4
N

Fig,

.96 (DAYS) L25 (DAys)

-~
50 5 10 1

X AXIS (M)

5 10 1

X AXIS (M)

stribution shortly afterFiq. 15, Water saturat.ioi,
ignition,

Iu

d14. later saturation Jtstribu’
ignition

ion shor ly before



UR W
h-e.
i:

Pfrcw
Prrcm:;;!:::

D.
Pncw

.aoE+ol
u-

mur
.40K*OI Puc14r

r- .soE+ol
,80):+01

mm r
::

Pncr4r
.70C+0 I

1-
PRC14T

.Ooc+ol Pncw
,ZOE41

i!:
Prlclm

, IOE*02 Pncw
IIC*OZ

h : :12C+OZ
PacwT

M-
PKw

Im!+oa
r - ! 14moz

Pr4cw
mm

L.25 (D
30 30

2525

\

u .96 (DAYS)

d-—~
o 5 10 15

0
5 10

X AXIS

15

(M)

ateti Cf)? molar concentrate on short ,y
ignition,

X AXIS (M)

Fig. 16. Calculated C02 rmlar concentration
before ignition,

T I

shortly Tiq. 17. Calcu
after

A-

::
D-
t-

::
M-
1-

il:
Ii:
M.

—.—
,.25 (DAYS) “ I

clo~

25-

20

15-

10 -J

5

0 L

30

25

20

g

N N
5

0
5 10 15 0 5 10 15

X AXIS (M)X AXIS (M)
riq. 1}1, t;alculated oil vapor Iln 1J r Collccrlt, r!lt 1o11 Fiq, lq. calclll!ltori (111 v fll)or IIK)1,1r cl)nrerltrfit I(III

I)efort ignition, aft,or {qnit ion.

11



of the retort is cooling off atld C02 generation is

c~~c~n~~l~ti~~~~n~~ur~~gures 18 “nd 19 show oil vaporIn Fig, 18, oil generation is
strongest in the upper right-h?nd area. Downstream of
that region, the concentration is higher because of
mixing and because of the slower flow there. After
ignition (Fig. 19), oil is of course depleted in and
below the combustion zones. Oil production is con-
tinuing in other hot parts of the retort. Plots of
H2, CH4, and CHX are not shown because they are
very similar to the oil vapor patterns. This example,
although incomol~te, exercises almost al; of the capa-
bilities of the WAFE-OS model, Future work should
reveal to us the sensitivity of important parameters
such as total oil yield to non-uniformities in retort
properties.

CONCLUSION

We have described a time-dependent, two-dimen-
sional oil shale retorting model that fully couples
retorting chemistry with flow dynamics. The computer
code WAFE-OS, which numerically solves the equations
of the mdel, has been compared with analytic solu-
tions and experimental data with satisfactory agree-
ment, A Cample two-dimension~~ calculation has been

described that demonstrates the capabllit~es Of the

model , The mdel can be used to examine the effects
of Ignition strategies, the effects of problems such
as water tnffl+fation, the effect of non-~niformities
in r~bble size, grade, permeability, etc., on retOrt
eff~ciency, ano the Impact of buoyancy in horizmtal
(and vertical) reto~tincj, Future work will concen.
trate on explortng these various applications,
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